This paper summarizes the description of the speckle-correlation, speckle-interferometric, and polarimetric methods and instruments designed for various tissue structure imaging and their optical and dynamical parameter monitoring.
INTRODUCTION
At present a number of optical technologies for tissue structure and dynamics analysis are available. Many of them are based on detection of photon diffusion in continuous wave (cw), time-domain, and frequency-domain modes. 1, 2 Recently the coherence-domain and polarimetric methods were shown to be a more simple and robust alternative for noncoherent photon diffusion methods and ultrashort pulse techniques, when applied for rather thin tissues. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Such methods are based on coherent or polarized light interaction with a scattering medium. Speckle optics and speckle interferometry, 2,3,12-24 dynamic light scattering, [25] [26] [27] [28] [29] [30] [31] [32] [33] interferometry, 34, 35 diffractometry, 36, 37 optical heterodyning, 1, [38] [39] [40] [41] phase, confocal and holographic microscopy, 3, 39, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] diffusing wave spectroscopy and interferometry, [53] [54] [55] [56] [57] low coherence interferometry, 1, 3, 4, [58] [59] [60] [61] [62] as well as Mueller matrix measurement methods 3, 5, [63] [64] [65] [66] [67] belong to coherent and polarimetric technologies which are very promising for tissue and cell structure, optical and dynamical parameter monitoring.
This article concentrates on the analysis of certain coherent and polarimetric methods and instruments recently designed for tissue and cell structure and motion imaging and monitoring by the biomedical optics group of Saratov Scientific Center in Russia. Many other directions of optical speckle and polarimetric technologies for biomedicine, coherent interferometry and tomography, confocal and phase microscopy are discussed well in recent review articles and books. [1] [2] [3] [4] 12, 13, 15, 28, 34, [43] [44] [45] [46] [58] [59] [60] [61] [62] [63] [64] 67, 68 
OPTICAL SPATIAL SPECKLE-CORRELOMETRY TECHNIQUE FOR TISSUE STRUCTURE IMAGING AND MONITORING

PRINCIPLES OF THE TECHNIQUE
The fine structure of the scattering light patterns formed as a result of the coherent illumination of a turbid media contains information about its structure (morphology). Unfortunately, this information is hidden in the scattered field spatial-temporal distributions (statistical and correlation characteristics of intensity fluctuations, state of polarization, etc). That is why the main problem of the coherent light imaging and tomography is displaying of inner structure of the object using the analysis of such patterns. Living tissues are characterized by the complex hierarchy of structure organization which does not allow us as a rule to build an adequate scattering model needed for complete tomographic reconstruction. 1, 2 Nevertheless, such reconstruction can be successfully replaced by a generalized description of the statistical and correlation properties of the object (probability density function of inhomogeneities sizes and refractive index distributions or corresponding statistical moments, e.g., mean size and size dispersion, etc).
To describe statistical properties of the scattered light intensity fluctuations two general parameters are usually introduced: 69, 70 mean intensity value in the observation point ͗I͘ and the second-order statistical moment (variance) of intensity fluctuations This paper was written on the basis of the overview by V. V. Tuchin: ''Coherent and polarimetric optical technologies for analysis of tissue structure,'' Proc. SPIE 2981, 120-159 (1997) . I 2 ϭ͗(IϪ͗I͘) 2 ͘, its normalized value is the speckle contrast Vϭ I /͗I͘. (1) In addition, the normalized third-order moment can be included into this set of parameters Q a ϭ͗͑IϪ͗I͒͘ 3 ͘/͓͗͑IϪ͗I͒͘ 2 ͔͘ 1.5 .
(
Parameter Q a evaluates the degree of skewness of the intensity statistical distributions and can be used as an indicator of probability density functions (PDFs) tails existence. These first-order statistical properties can be examined as a ''single point,'' or statistical itself, parameters.
To describe correlation properties of spatial distributions of intensity fluctuations caused by the sample scanning ''two-point'' statistical parameters such as correlation function R I and structure function D I must be introduced: 3,69,70
Isotropic and statistically homogeneous scattering structures R I (⌬ ជ ) and D I (⌬ ជ ) depend only on argument module ͉⌬ ជ ͉, ជ ϭ(x,y). To simplify the structure analysis a normalized autocorrelation function r I (⌬ ជ )ϭR I (⌬ ជ )/R I (0) is usually used. R I (⌬ ជ ) and r I (⌬ ជ ) are more preferable for analysis of intensity fluctuations caused by the large inhomogeneities of the object. D I (⌬ ជ ) is more sensitive to the small-scale intensity oscillations as well.
Behavior of D I (⌬ ជ ) in the vicinity of zero value of its argument is defined by the high frequency spatial intensity fluctuations and can be described by the value of the exponential factor I , (4) which for isotropic scalar distributions is directly connected with their fractal or Hausdorff-Besicovitch dimension D HB , 71
Here D HB changes between 1 and 2 and describe properties of the arbitrary selected one-dimensional section of the corresponding two-dimensional (2D) distribution, for the ''conventional'' differentiated scalar isotropic distributions, so-called marginal fractals: D HB ϭ1, ϭ2; for Brownian fractals: D HB ϭ1.5, ϭ1; and for extreme fractals: D HB ϭ2, ϭ0. The scalar diffraction theory of far-zone speckle pattern formation for diffraction of a broad collimated beam on a random phase screen allows us to obtain 3
where D (⌬ ជ ) and are the structure function and corresponding exponential factor of the phase fluctuations of the boundary field. For strongly focused light beam diffraction a more complicated relationship between I (D HB I ) and (D HB ) is expected. 3 In particular, for Ͻ2
(respectively, D HB Ͼ1) the spatial power spectrum of the phase fluctuations contains the high frequency components, I Ͻ , and D HB I ϾD HB . Speckle pattern local statistical and correlation analysis is very promising for 2D imaging (''mapping'') and monitoring of the scattering structures. 3, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] The local estimations of generalized correlation characteristics (such as the exponential factor I ) as well as normalized statistical moments (contrast V and skewness coefficient Q a are usually used) show the strong dependence on structure parameters of the object [such as correlation length l h and root mean square (rms) value h of optical heights of inhomogeneities or corresponding correlation length l and rms value of phase fluctuations of the boundary field] if focused illuminating beams are used. The object under investigation can be considered as an irregular set of ''microlenses'' with certain statistical characteristics which produces corresponding intensity fluctuations while the focused laser beam is scanning. 76, 80 Intensity fluctuation signal is the combination of two components (see Figure 1) : relatively low amplitude and smooth-varying background and rare appearing high-amplitude pulses. The last ones caused by the ''matched'' inhomogeneities when distances between illuminating beam waist plane and object and between object and detector are matched with the inhomogeneity effective focal length to provide beam waist image formation in the observation plane.
Inhomogeneity classification can be carried out by the analysis of the dependence of contrast V and skewness coefficient Q a on the distance between the beam waist plane and the sample surface: in such a way, statistical distributions of refractive index fluctuations can be reconstructed. 79 The sharp increase of V and Q a for the illuminating beam radius wϳl is the direct manifestation of the ''microfocusing'' effect in the far diffraction zone 76, 80 (see Figure 2 for V, ⌬zϭϮ0.4 mm). The increase of w/l ratio (͉⌬z͉Ͼ0.4 mm) is accompanied by the gradual decrease of V and Q a to values characteristic for the fully developed speckle patterns (V ϭ1 and Q a ϭ2).
For weak scattering objects, like a thin tissue layer l h ϳl ϳl (l is the tissue sample thickness, l h ӷ, is the wavelength), the rms values of phase fluctuations are directly connected to refractive index fluctuations ␦n. On the contrary, for the optically thick tissue layers multiple scattering is typical, the broad angular spectrum of the scattered light took place, and depolarization effects are significant. For the generalized characterization of tissue scattering structure the following set of parameters are usually used: absorption and scattering coefficients a and s , s ӷ a , reduced scattering coefficient s Јϭ s (1Ϫg), where g is the scattering anisotropy factor, and photon transport mean free path l 0 ϳ1/( a ϩ s Ј) as well as the most probable photon path length sϳl 2 /l 0 . 54 As a rule, the decrease of inhomogeneity size l h and rise of refractive index fluctuations ␦n is accompanied by strong scattering; ratio l/l h becomes much greater than unity. Analysis of temporal autocorrelation functions of the scattered light intensity fluctuations induced by a fluctuating turbid media is the basis of diffusing-wave spectroscopy (DWS) which allows us to provide new fundamental information about motion and structure of tissue and its dynamical properties. [53] [54] [55] [56] [57] The normalized intensity autocorrelation function g 2 () can be presented as
where Ĩ(t)ϭI(t)Ϫ͗I(t)͘. This temporal function is defined by the scanning velocity of the laser beam used, its beam waist radius, and spatial fluctuations of the media under investigation. 73 The multiple scattering is accompanied by changes of the initial polarization state of the probe beam that can be described using the correlation analysis of the scattered light components with different polarization states. The following timedependent first-and second-order statistical characteristics of the scattered light intensity fluctuations in the paraxial region can be studied experimentally for two different linear polarization states ʈ and Ќ (in respect to the state of polarization of the probe beam).
The mean intensity of speckles
and the cross-correlation function (correlation coefficient) for both polarization states
where the pair of subscripts (Ќ, ʈ ) denotes the combinations of polarization states. The averaging is carried out along the scanning trace length. The optical scheme of the spatial specklecorrelometer is shown in Figure 3 . The illuminating laser beam with ϭ633 nm focused up to a spot of about 5 m was used. In general, for image reconstruction of the object structure two-dimensional scanning was performed and corresponding analysis of the statistical and correlation properties of the scattered light was carried out. Scanning steps for both dimensions were equal to 5 m. An on-axis position of the photodetector corresponding to zero scattering angle was used; the pinhole diameter (about 25 m) was much less than the speckle average size. The ratio of driving frequency (used for control of stepper motors of the 2D-scanning device) to sampling frequency of the analog-to-digital convertor of the intensity detection channel allows us to obtain a sampling interval equal to 5ϫ10 Ϫ5 s or less. For scanning velocity equal to 5 mm/s the electronics used allowed us to obtain at least 20 equidistant sampling points per one scanning step, i.e., spatial resolution of about 0.25 m was provided. Samples under study were usually placed in the waist plane of the illuminating beam; the position of the sample with respect to beam waist plane was adjusted manually. Manually rotating the polarizer between the sample and photodetector provided polarization measurements of intensity fluctuations of the scattered light.
THE HUMAN SKIN INVESTIGATION
In general, for estimation of tissue structure parameters, such as characteristic size of local inhomogeneities and refractive index spatial fluctuations, the model of scattering structure should be assumed. The simplest one is the model of Gaussian random phase screen. 69, 70, 75, 81 Indeed, statistical models of living structures should be more complicated, in particular, nonlinear ones accounting for multiple scattering. In spite of the lack of developed tissue structure models any empirical information about statistical properties of the scattered light should be valuable for tissue structure imaging analysis as well as for development of these models.
Human skin is one of the most evident objects for optical spatial speckle correlometry. 3, [73] [74] [75] [76] [77] 79 All structural peculiarities of the skin are displayed in statistical and correlation properties of the far-zone speckles produced by the focused beam illumination of skin samples or its replicas. Glass-glue epidermal stripping technology is very suitable for providing in vitro spectrophotometric, fluorescence, and correlation measurements. 75, 82 Such a stripping sample is a thin epidermal layer (about 30-50 m in thickness) attached to a high-quality glass plate. The detected time series of intensity fluctuations of the focused laser beam transmitted through the epidermal sample of the psoriatic skin is presented in Figure 1 . The intensity fluctuations are caused by the sample scanning across the light beam. Thin layers of normal and psoriatic epidermis investigated showed rather weak scattering (single or low step), because the measured degree of depolarization of the scattered light in the far field was very weak.
The dependencies of contrast V and skewness coefficient Q a of the far-zone speckle intensity fluctuations on the defocusing parameter ⌬z for normal and psoriatic epidermis show two maxima around the position of the sample front surface strictly in the beam waist (⌬zϭ0). 76 For the psoriatic skin sample such dependence for contrast and corresponding PDFs are presented in Figure 2 . The presented first-order statistical characteristics confirm the validity of a ''lens-let'' approach for the description of scattering properties of the thin layers of human epidermis. For normal epidermis (fewer sizes of scatterers and a more homogeneous scattering structure are characteristic) partial overlapping of both maxima (at least for small magnification of focusing microobjective) was observed. Symmetry of V or Q a peak positions with respect to the waist plane allows us to propose the equality of statistical weights of ''negative'' and ''positive'' ''microlenses'' within the ensemble of local scatterers.
Differences between V(⌬z) and Q a (⌬z) curves for normal and psoriatic epidermis samples are caused by tissue structure changes as a result of disease progression. These changes arise due to appearance of parakeratosis focuses (cellular structure within focuses is strongly disordered) and impregnation of surrounding tissue by serum and other tissue fluids (which act as immersion liquids). For later stages of the disease formation of microspaces filled up by air and appearance of superficial skin scales are characteristic; 82 as a result, an increase of light scattering is observed. For small ⌬z contrast V exceeds unity and can reach values of about 1.6-1.7 for the individual samples. As a rule, normal skin samples demonstrate larger contrast than the psoriatic ones. The plots for ln Q a versus ln V for various ⌬z illustrate the discrepancy of statistical properties of normal and psoriatic skin samples (see Figure 4 ): for normal skin the first derivative of ln Q a ϭf(ln V) is larger than for the psoriatic one with a negative slope for normal skin and a positive one for pathological. For the fully developed speckle fields with Vϭ1 and negative exponential intensity PDF Q a ϭ2, 83 the corresponding points are shown by the sign +. Discussed first-order statistics measurements can serve as a simple and effective criterion for human skin structure recognition. It can also be used for analysis of the replicas of the human skin. 77 For example, skin replicas obtained by application of D-SQUAME ® disks are usually used for rapid semiquantitative estimation of skin dryness or oiliness. The speckle statistics technique allows us to describe the skin properties more precisely and objectively. The experimental data presented in Table 1 illustrate the sensitivity of a speckle technique.
The second-order statistics, or correlation characteristics, of speckle intensity fluctuations show a high sensitivity to discussed changes in tissue structure. 75 For normal skin the normalized 1D intensity autocorrelation functions demonstrate a relatively small value of correlation length l I ϳ60-80 m and the absence of significant fluctuations of the correlation coefficient in the large-scale region (see Figure 5 ). With formation of the psoriatic plaque autocorrelation functions show an approximate 2ϫ increase of the correlation length, l I ϳ95-180 m, and the presence of relatively largeamplitude and large-scale aperiodical oscillations; effective sizes of the structure inhomogeneities producing such oscillations are correlated with the ones for the parakeratosis focuses ensemble. The detailed analysis of the oscillation components of the intensity autocorrelation function will allow for estimation the parakeratosis focuses surface density and their mean size.
In the small-scale region for spatial frequencies about 1 m −1 and more, the structure function is more appropriate for characteristic of intensity fluctuations [see Eq. (3)]. The local estimations of exponential factor I [see Eq. (4)] allow us to evaluate such fluctuations caused by the high-frequency components of tissue structure and to find their spatial distributions (''maps''). Figure 6 demonstrates such a mapping technique in application to the human epidermal stripping samples of normal and psoriatic skin. 3, 74, 77, 84 All 2D images were obtained using XY scanning of the sample and the focused probing laser beam. Averaging of I values had been carried out along the X direction. The size of sampling window used for averaging was not less than 10 3 sampling steps; a 16-gradation graylevel scale was used to display 2D distributions of 
CONTROLLING OF THE HUMAN SCLERA OPTICAL PROPERTIES
The control of tissue optical properties is very important for many applications. 3, [84] [85] [86] [87] [88] [89] [90] [91] [92] The selective optical clearing of tissue layers should be very useful for the functional tomography of the human organs, in particular, the eye globe, and for tissue scattering spectroscopy. For instance, transscleral laser technologies are based on the tissue optical clearing effect. 87 The coherence-domain methods, especially optical speckle correlometry, are very useful for monitoring changes in optical and structural parameters of the human sclera in a process of tissue clearing. 3, 84, 85 One of the fruitful ways for human sclera optical property control is its impregnation by a osmotically active chemical that leads to matching of refractive indices of collagenous fibrils (n C ) and interstitial fluid (n I ). 84, 85 Optical techniques for noninvasive monitoring of glucose concentration in living tissues use the same effect of tissue scattering control. 88, 89, 92 In the timedependent process of the tissue components refractive indices matching mϭn C /n I →1, and the ratio of the scattering coefficients for different degree of matching is expressed as 84,85
For a high degree of matching which is easily attainable in experiments with human and mammalian sclera, m(t)Х1.001, as well as for unmatched scleral tissue m(0)Х1.1. Therefore, the scattering coefficient dramatically decreases, s (t) Х10 Ϫ4 s (0), and tissue response should transfer from a multiple scattering mode to a single or lowstep scattering one for which coherent-domain effects should dominate.
Our experimental study of the human sclera optical clearing was performed in vitro for cut samples of about 1ϫ1 cm 2 in area and 0.4-0.8 mm in thickness obtained from eight autopsy eyes, from ages 61 to 72 years. Three types of water-soluble chemical agents were applied: trazograph (derivative of 2-4-6 triiodobenzene acid, molecular weight about 500), glucose (ϳ180), and polyethylene glycol (PEG) (ϳ6000 and ϳ20 000).
Visually the characteristic changes of the far-zone speckle structure were observed on the screen in the far diffraction zone using a charge coupled device (CCD) camera. 85 After the osmolyte administration first, there were no visually observed speckles. In a few minutes (1-3 min, depending on the sclera thickness, its initial transmittance, type and concentration of osmolyte) an isotropic speckle pattern consisting of small-sized speckles appeared. For longer periods the speckle pattern became inhomogeneous with the large-sized speckles in the central part; finally, the main part of the transmitted light was concentrated around the incident beam axis (see Figure 8 ). The time evolution of the normalized intensity autocorrelation function g 2 () [see Eq. (7)] measured for the human sclera sample using a speckle correlometer (see Figure 3 ) can be seen in Figure 9 . The evolution of the form of the main correlation peak is caused by the transition between two scattering modes: for short intervals (1-2 min) g 2 () is rather ''exponential'' and for longer intervals is closer to the Gaussian one. For the initial stages of process ''multiscality'' of intensity fluctuations is characteristic (at least three different slopes of the g 2 () function measured at 120 s after trazograph administration are observed). At the final stages of optical clearing the half-width of the autocorrelation peak asymptotically rises to a value of about (0.3-0.4)ϫ10 Ϫ3 s which is closely correlated with ⌬ϭw/v, defined by the illuminating beam waist radius w and the speed of scanning v. That can be used as the criterion of the completion from multiple to single scattering transition. The evolution of the peak form caused by time-dependent variations of tissue structure is illustrated by the typical temporal dependence of the exponential factor I [see Eqs. (4) and (5)]. It should be stressed that the averaged intensity transmittance ͗I s ͘/I 0 and parameter I (t) have quite different rates of increase: I is very sensitive to the osmolyte on the earlier stages of tissue clearing (ϳ1.5 min) and maximal tissue transmittance happened at ϳ10 min. A possible explanation of such a discrepancy lies in the different responses of these characteristics to the transition from multiple to single scattering caused by refractive index matching of tissue components. The exponential factor I should be sensitive to the transition from homogeneous speckles to inhomogeneous ones (corresponding to the earlier stage of clearing) and maximal averaged intensity transmittance should be expected only for totally immersed scatterers which take place in a long period of tissue impregnation by an osmolyte.
Monte Carlo modeling of the initially collimated photon transport within the sclera tissue represented as a fibrous structure comprised of thin and long collagenous cylinders randomly distributed within the ground medium allows us to understand the character of transition from multiple to single scattering due to refractive index matching. 85 Results of such modeling for a system of scattering cylinders with a mean diameter of about 100 nm and refractive index n C ϭ1.474 surrounded by the interstitial medium with a changeable refractive index show that already for partly matched refractive indices the unscattered and singly scattered photons dominate. The validity of such calculations was checked using spectral measurements of the human sclera for different stages of its clearing. 85 Another peculiarity clearly observed especially at final stages of the process is the presence of the low-amplitude quasiperiodic oscillations of the averaged transmitted intensity, the exponential factor I , and the half-width of the correlation peak with the characteristic time scale of about 1.5-2.0 min (see Figures 9 and 10 ). Such quasiperiodic oscillations can be induced by the temporal-spatial irregularity of osmolyte diffusion within the tissue volume. The oscillating character of tissue response can be explained as a multistep origin of fluid diffusion. The first step osmolyte penetration into tissue leads to refractive index matching of interstitial fluid and hydrated fibril collagen-the significant translucence of tissue growth. The second step is characterized by the interaction of osmolytes, contained within the renovated interstitial liquid, with fibril collagen which leads to collagen dehydration and consequent growth of its refractive index that slightly breaks down optical matching and causes a slight decrease of transmittance. Subsequent disbalance of water-osmolyte concentrations leads in turn to penetration of an additional amount of osmolyte into the sample which causes reestablishment of the refractive index matching condition and a corresponding light transmittancethis is the origin of the third step. Such weak oscillations exist during the total process of chemical administration (up to 40-60 min).
The normalized averaged intensity ͗I s ͘/I 0 presented in Figure 10 shows the dynamics of tissue clearing. Such dependence can be used for estimation of diffusion coefficients of the interacting fluids: trazograph and water, glucose and water, etc. Basing on the theoretical background given in Ref. 85 we can estimate the coefficient of diffusion for Fig. 8 CCD images of the far-zone speckle patterns for early (ϳ2.5 min) (a) and later (ϳ10 min) (b) stages of the sclera optical clearing using trazograph (60%) administration.
Fig. 9
Intensity autocorrelation functions measured in the far zone using the scanning spatial speckle correlometer (Figure 3) . The human sclera sample thickness is equal to 0.55 mm. Measurements were done for different time intervals of tissue impregnation by trazograph solution (60%): 120 s; + 220 s; * 320 s; ᮀ 420 s; ϫ 520 s; छ 620 s; ᭝ 720 s; s 820 s.
trazograph supposing that water and trazograph have the same paths for diffusion. The experimental data presented in Figure 10 allow us to estimate D T values for n C ϭ1.474, n W ϭ1.332 (water), n I (0)ϭ1.345, and a ϭ0.2 mm −1 (see Table 2 ). It is easily seen that estimated values of D T for the certain scleral sample have quite reasonable rms errors as well as mean values of D T that differ from sample to sample. On the average, experimental values of diffusion coefficients for glucose and trazograph are not far from ones for diffusion of low weight molecules in water. 93 As for water diffusion induced by polyethylene glycol activity, again values of the diffusion coefficient are very close to diffusion of water in water. 94 It is expected that the change of the optical properties of tissue, caused by the transition from multiple to single scattering, should be accompanied by a change in the state of polarization of the scattered light. That can be described using the first-and second-order statistical characteristics [see Eqs. (8) and (9)]. 84, 85, 95 At the early stages of the tissue clearing both polarization states of the scattered light (͗I ʈ ͘ and ͗I Ќ ͘) give approximately equal contributions to the mean speckle intensity ͗I s ͘. The decrease of the sclera turbidity is accompanied by the increase of the speckle sizes appearing of the specu-lar component. Therefore, the state of polarization of the transmitted light is predominantly identical to one for the unscattered beam. Experimental data, presented in Figure 11 , nicely illustrate that. Moreover, they demonstrate that for living tissue a multiple-single scattering transition (i.e., optical translucence, improvement of polarization) is reversible when the osmolyte bath is replaced by a physiological solution and vice versa when the osmolyte is administered again. Besides, as follows from Figure 11 , the polarization measurements are quite sensitive to changes of the tissue structure caused by sufficiently long interaction of tissue with trazograph. Our corresponding histological observations for sclera samples kept in trazograph (60%) solution during 30 min showed rather minor changes of tissue structure which are characterized by a moderate tissue swelling.
It must be noted that transparent sclera samples have a ''domain'' structure with quite different scattering (polarization) properties for the individual areas of about 0.1-1 mm 2 . Such a domain structure caused by the spatial nonuniformities of the trazograph diffusion is clearly manifested in the time series of the speckle intensity fluctuations for two different polarization states of the scattered field as well as in cross-correlation function r Ќʈ () Fig. 10 Typical temporal functions of the exponential factor I (1) and the normalized averaged intensity ͗I s ͘/I 0 (2) measured at the observation point for the human scleral sample impregnated with trazograph solution (60%), ϭ633 nm. Fig. 11 The time-dependent mean speckle intensity ͗I s ͘ averaged over the scanning trace (1.5 mm) and its polarization components ͗Iʈ͘ and ͗I Ќ ͘ measured in the paraxial region for the human sclera sample of thickness 0.4 mm: 1, 2, and 3-the subsequent measurements for sample kept at first in 60% solution of trazograph (1) , then in physiological solution (0.9% NaCl) (2), and finally again in trazograph (60%) solution (3); ϭ633 nm.
behavior (see Figure 12 ). The mean area of such domains goes down with the time of osmolyte administration. For trazograph it changes from about 1 mm 2 (for tХ3.3 min) up to 0.12 mm 2 (for t Х6.6 min). The polarization properties of domains change correspondingly.
FOCUSED LASER BEAM DIFFRACTION AS A TOOL FOR BLOOD AND LYMPH FLOW MONITORING IN MICROVESSELS
THE PECULIARITIES OF THE FOCUSED GAUSSIAN BEAM DIFFRACTION
Let us consider scalar diffraction of the focused Gaussian beam (FGB) which is moved along the corrugated random phase screen 76,96-99 (see Figure  13 ). The screen profile function, which models the statistical properties of the flow, is assumed to be determined by a stationary Gaussian stochastic process with zero mean value, the profile variance ⌺ 2 , and the correlation length L C . For the far-field dif-fraction of FGB the power spectrum of intensity fluctuations can be represented as the homodyne (I) and heterodyne (II) terms 96
where ␤ϭ M
where W 0 is the beam waist radius, X 0 is the fixed speckle observation point coordinate in the mobile coordinate system (X mv , Y mv , Z mv ), and Z is the distance between the scattering and observation planes. M, C 1 , and C 2 are parameters dependent on ⌺ 2 and L C . 96 All the length dimensions are normalized to the light wavelength . For a weakly scattering phase screen (model of a thin vessel), Mϭ1, C 1 ӶC 2 , and for a deep phase screen (model of a thick vessel), Mϳ⌺ 2 , C 1 ӷC 2 . For thin vessels, the appearance of a high-frequency peak in the spectrum of intensity fluctuations ( ϭ 0 , heterodyne part of spectrum) due to interferential interaction of the specular and scattered components is expected. The specular component (transmitted or reflected) serves as a reference wave. The value of 0 depends on the observation angle of the speckles (X 0 /Z) (compare curves 1 and 2 in Figure 14 ). For a weakly scattering screen due to small rms values of profile fluctuations ( ϭ⌺) the power spectrum S() for X 0 0 contains only a high-frequency component. For a deep phase screen due to suppression of the specular component its interferential interaction with the scattered light disappears, and S() contains only a low frequency component even for large observation angles (see curve 3 in Figure 14 ). As follows from theory and experimental study the statistical properties of the transmitted (or reflected) light essentially depend on the observation angle (see Figures  14 and 15 ). Such speckle statistics with a small number of scatterers can be classified as non-Gaussian statistically inhomogeneous.
The unscaled value of Xϭvt/ is used as the variation describing the displacement of the waist center of a focused beam (v is the motion velocity of a phase screen relative to a beam; t is the time). The scaled frequency ϭ(/2)(v/). Similar to the conventional Doppler method, the frequency shift value is a linear function both of scatterer velocity and speckle observation angle only for an essential number of scatterers. For a small number of scatterers, NϽ5, the additional strong dependence of the frequency shift on N is expected. 96,99
EXPERIMENTAL SETUP AND MEASURING TECHNIQUE
The optical scheme of setup used for the experimental investigations of blood and lymph flow in microvessels contains a He-Ne laser (ϭ633 nm) with a focused beam ( Figure 16 ). 97, 98 Blood or lymph flow modulates the strongly focused laser beam in the waist plane. This leads to the speckle dynamics in Fraunhofer zone of diffraction. Scattered intensity is detected in the asymptotic region. Averaging over the 128 momentary spectra of the speckle intensity fluctuations was performed. The setup provides three-dimensional (3D) spatially resolved measurements for an individual superficial microvessel of rat mesentery at a depth of up to 200-300 m with a spatial resolution of about 3-5 m. An optical microscope supplied by the TV camera allows one to observe the blood or lymph flow in a microvessel visually.
Using the method of FGB diffraction the following parameters characterizing blood or lymph flow velocity distribution were defined. The mean value of flow velocity is
where ⌬F is the averaged spectrum bandwidth, D is the diameter of a microvessel studied. The parameter indicating the deviation of spectrum shape from a Gaussian curve is Fig. 15 The normalized experimental spectra of dynamic speckles intensity fluctuations for two observation angles: scattering from random flow X 0 ϭ0 (1), X 0 ϭ3W/2 (2), w 0 Ϸ2.3, averaged spectra for 256 particular momentary spectra.
Fig. 16
Time-resolved speckle microscope for blood and lymph flow measurements in microvessels. 1-He-Ne laser; 2-micro-objective; 3-beam splitter; 4-stage; 5-rat; 6-mirror; 7-diaphragm; 8-photomultiplier tube (PMT); 9-lamp; 10-TV camera; 11-monitor; 12-spectrum analyzer 0-2 kHz.
where S(f ) is the averaged experimental intensity fluctuation power spectrum of speckles and G(f ) is the Gaussian spectrum having the same values both of spectrum bandwidth and power. Parameter ⌺ V demonstrates the velocity range presenting in the flow and, besides that, gives information about spatial-temporal velocity changes within the measuring volume.
MEASUREMENTS OF FLOW PARAMETERS OF BLOOD AND LYMPH IN MICROVESSELS
Experiments were performed on white rats narcotized by intramuscular injection of Nembutal. Mesentery obtained through an incision in the anterior abdominal wall was placed on thermostabilizing microscope stage (38°C). 97, 98 The state of lymph microvessels (60-150 m in diameter) not having spontaneous phase contractile activity was analyzed. The narrow blood microvessels were investigated as well. Alterations in diameter of vessels, rate, and amplitude of induced phase contractions were registered with the help of a TV microscope.
Staphylococcal toxin (ST) was administered to the mesentery as an active lymphotropic agent. The results of theoretical investigation of FGB diffraction in capillaries show that the speckle intensity fluctuations bandwidth ⌬F is proportional to velocity of flow analyzed and ⌬F essentially depends on scattering properties of the flow. 96, 99 The last causes some difficulties in direct measurements of an absolute value of blood or lymph flow velocity. The strong dependence of ⌬F value on the diameter D of investigated blood microvessels was observed in the experiments. The typical average spectra obtained at FGB scattering either from a narrow blood microvessel (Dϭ12 m) and from a number of different lymph microvessels with the average diameter Dϭ119Ϯ7 m are shown in Figure 17 . As was expected, the blood flow spectrum has decreasing character but despite theoretical predictions, the shape of the spectrum differs greatly from Gaussian function. Similar spectra have been studied thoroughly in earlier modal experiments (see, for example, Refs. 16 and 100).
Essential differences between the spectra obtained from lymph and blood flows appeared. The spectra of lymph flow have a considerably complicated shape; in some cases the spectra observed have two or more peaks. The spectra presented in Refs. 96-98 demonstrate the essential difference of the lymph flow parameters for the vessel center and for the regions in the vicinity of its edges. Sometimes the lymph flow had a shuttle-stream mode or assisted only at the central part of vessel. Evidently, such types of flow are reflected in the variety of spectra presented in Figure 17 . It has been shown that the FGB scattering technique can be successfully used for monitoring the lymphotropic drug effect on living organisms. [96] [97] [98] So, the speckle-interferential method using diffraction of the focused laser beam may be efficiently applied for measuring of relative changes of blood and lymph flow parameters in native microvessels. For extremely narrow microvessels, both speckleinterferential and Doppler methods do not allow one to measure directly the absolute value of flow velocity; they need the preliminary calibration.
SPECKLE AND SPECKLE-INTERFEROMETRIC TECHNIQUES FOR DETECTION OF BIOVIBRATIONS
INTRODUCTION
At present a number of optical techniques for biovibration monitoring are developed. For example, a fiber-optical sensor was successfully applied for monitoring the heartbeats of the patients during their MRI tomographical observation. 101 Noncontact laser biovibration measuring techniques are described in detail in Khanna's works, 34, 102 where vibrations of the basilar membrane of the inner ear are investigated by the laser interferometric heterodyne method. To analyze vibrations of the tympanic membrane Stasche et al. used laser-Doppler vibrometry. 35 Holographic vibration analysis of the tympanic membrane has also been reported. 103 Optical remote sensing of the heartbeats is discussed by Dacosta. 104 The fact that coherent radiation scattered by bio-objects is accompanied by the formation of speckle fields was not completely taken into account for biovibration measurements. The interference between the speckle-modulated and reference fields has a number of features that require a thorough study. The development of speckle techniques for biovibrations measurements is directly connected with the theoretical description of coherent light diffraction in nonstationary, random heterogeneous media. [105] [106] [107] At present several speckle techniques for biovibration detection are available. [105] [106] [107] [108] [109] [110] [111] A diagnostic probe, described in Ref. 108 , includes the miniaturized electronic speckle pattern interferometry system and the fiber optic elements coupled with a matrix detector. Subsequent frame-by-frame processing produces a high quality 3D spatial representation of the vibrational pattern. The diagnostic probe is being developed for a quantitative vibration analysis of the tympanic membrane and vocal cord. The possibility of cardiovibration measurements using speckle and speckle-interferential methods are analyzed in Refs. 105-107 and shortly overviewed in this article. The FGB speckle technique was successfully applied for pulse wave and throat vibration monitoring. 107 
HOMODYNE SPECKLE INTERFEROMETRY
The homodyne speckle interferometer on the base of the Michelson interferometer with diffuse reflecting plates instead of mirrors for both arms under the coherent light excitation has the random amplitude-phase spatial modulation of the output signal. 106 Supposing that fields in both arms have identical linear polarization and object (one of the scattering plates) vibrations have harmonic law, then the total field intensity at the point (,) of the observation plane can be described as 106
where ⌬⌽(,t)ϭ⌽ 2 (,t)Ϫ⌽ 1 (); I 1 (), I 2 (), ⌽ 1 (,t), and ⌽ 2 () are the random intensity and phase distributions of the reference (1) and the object (2) speckle fields; ⌬⌿()ϭ⌿ 2 ()Ϫ⌿ 1 () is the deterministic phase difference of interfering waves; 2⌬z 0 is the stationary difference of wave optical paths in the interferometer; l 0 and ⍀ are the corresponding amplitude and frequency of vibrations.
For unmatched speckle fields [⌬⌿() varies more than radians and ⌬⌽()ϭconst over the spatial extent of a speckle] the speckle pattern in the observation plane should be modulated by regular interferential fringes. Fringe spatial configurations and their period are determined by deterministic phase difference ⌬⌿(). The fringe orientation is perpendicular to the grad ͓⌬⌿()͔ with the period ⌳() ϭ2/͉grad͓⌬⌿()͔͉, and they undergo shifting and bending by a random value while moving from one speckle to another. If the object vibrates, then the fringes are displaced by M periods (2l 0 ϭM/2) synchronously and by the same value within the different speckles. Detection of the fringe shift within a distinct speckle allows one to measure l 0 and ⍀ of the object vibrations. It follows from Eq. (12) that in different speckles fringes are shifted.
Adjusting the interferometer [by ⌬⌿() changing] we can make the fringe period ⌳ appreciably larger than the lateral speckle dimensions. That leads to an increase of the output signal amplitude due to the possible use of a large photodetector aperture equal to a distinct speckle size. In the limit when ⌬⌿()ϭconst over the whole observation plane, the interfering speckle fields will be matched. To attain the matching condition for focused illuminat-ing beams it is sufficient to equalize path lengths of the interferometer. Because the speckle-field matching leads to an increase of the output signal of the vibrometer, we will consider the statistical properties of such a regime in more details.
A speckle vibrometer can work in two measuring modes: with a high amplitude of vibrations (l 0 Ͼ/4), the so-called ''fringe counting'' mode, and with a small amplitude of vibrations (l 0 Ͻ/4), when the random amplitude of the output signal additionally depends on initial phase.
If N speckles arrive at the receiving aperture, then for NϾ4 the first-order statistics of the output signal will be Gaussian, i.e., the complex amplitude of this signal undergoes Rayleigh distribution. 106 Experimental data well demonstrate such statistics of the speckle-interferometer output signal for large amplitude of vibrations, l 0 ϳ. 106 In addition, the corresponding experimental function for averaged amplitude ͗U͘ and its variance U 2 on the number of speckles that fall within receiving aperture show the way for increasing the signal-to-noise ratio in homodyne speckle interferometers (see Figure 18 ). Such functions are well described in the framework of the theoretical predictions of Ref. 109:
where ␦ is the average lateral speckle size, for the round aperture with the diameter 2R, Nϭ(2R/␦) 2 ; we suppose that interfering field intensity does not change when speckle size changes. So, to increase the output signal amplitude it is important to arrange the optical scheme of the speckle interferometer which provides a great number of received speckles with maximal average size. As it follows from above that we should use focused beams in both arms of the interferometer and a large enough receiving aperture.
When the amplitude of normal surface vibration of the object is not small, as a rule, the angular and lateral vibrations appear. This leads to periodic lateral shifts of the subject speckle field, which cause additional amplitude-phase modulation at every point at the output plane and corresponding lowfrequency amplitude modulation of the interferometer output signal. 106 The depth of this modulation depends on the particular realization of the reference and subject speckle fields and changes in the range 0%-100%. It was found that the main contribution to the amplitude modulation is made by a number of closely packed speckles playing the dominating role in signal formation. Dimensions of this region and its position depend on particular interfering speckle-field realization. The blocking of this area by using an opaque screen at the receiving aperture leads to suppression of additional modulation. 106 For small amplitudes of vibration (l 0 Ͻ/4) statistics of the output signal of the interferometer is quite different. As follows from experimental and theoretical data, the distribution of amplitude modulus of the signal, ͉U͉, is exponential: 106 p͉͑U͉͒ϭ2͑N n 2 ͒ Ϫ0.5 exp͑ϪU 2 /2N n 2 ͒, (14) with the most probable value equal to zero. Here n is the variance of the random value which depends on the surface structure and parameters of the interferometer. The averaged value and variance have the same dependence on N as for a large amplitude of vibrations [see Eq. (13)]:
In accordance with the above consideration the output signal of the homodyne speckle interferometer can be presented as
where H(t) is the normalized signal (which variance equals to unity) that describes the form of bioobject surface oscillations, A i and i are random values, determined by conditions of speckleinterferogram detection and the rough surface realization (with number i), and AL is the vibration amplitude. This relation is also valid for the differential interferometer for which AL denotes the vibration amplitude difference of surface oscillations in two points of light illumination. Using the differential speckle interferometer, the human pulse wave monitoring was carried out. Pulse waves were observed at the points of wrist skin surface (in Tibetan pulse diagnostics these points are called ''tson,'' ''khan,'' and ''chug''). 106 The optical signal was registered at the point where speckle fields were matched. In this region the interferometer output signal is maximal. Received pulsegrams are in close agreement with the data of Ref. 101 .
The pulse wave investigations, based on analysis of space-time projection of the differential speckleinterferometer output signal, should be promising for cardiodiagnostics, but it is expedient to elimi-nate the influence of the lateral shifts of the skin surface by the appropriate signal filtration. 107, 110 
ANALYSIS OF SKIN VIBRATION USING FGB DIFFRACTION
The simplest optical vibrometer for medical applications can be built using FGB diffraction (see Figure 19) . 107 But such simplicity of the optical design should be paid by nontrivial description of the response function of the biovibrometer. For FGB diffraction the scattered field intensity fluctuations are related to the object vibrations via a nonlinear random function. Regular changes of the speckle field (speckle displacements and their decorrelation) due to oscillations of the scattering surface form a signal at the photodetector that contains spectral components of the surface vibrations. The complex movement of the reflecting surface leads to additional nonlinearities of the response function. For example, the periodic human skin surface motion caused by pulse waves can be presented as a combination of at least three components: normal, angular, and lateral. For the measuring system used (see Figure 19 ), normal oscillations do not affect the output signal; small angular vibrations are responsible for lateral speckles oscillations in the observation plane (without speckle decorrelation) and small lateral surface shifts cause a partial decorrelation of speckles, so if the surface oscillates by a periodical law, the scattered field temporal intensity fluctuations I(t) also have a periodic component. A nonlinear function I(t)ϭF͓X (t)͔ connects these fluctuations I(t) and the scatterer vibration law X (t), where F is a nonlinear random operator which depends on the size of the illuminated area, conditions of speckle observation, and on the particular realization of the random surface (rough skin surface).
The nonlinear distortion (NL) of the registered signal and the degree of random deviation (RND) of the measured value from the average can be estimated using the following definition: 107 NLϭ ͚ n ͗I n 2 ͘/͗I 1 2 ͘, RNDϭ 1 /͗I 1 ͘, where I n is the amplitude of the nth harmonic of intensity fluctuation spectrum, 1 is the first har- Fig. 19 Scheme of the sensor for the pulse wave monitoring.
monic standard deviation, ͗¯͘ indicates ensemble averaging, and n changes from 2 to infinity. Computer modeling of statistical properties of intensity fluctuations of FGB scattered from the vibrating rough surface was done using Kirchhoff approximation for the scattered field complex amplitude and Gaussian statistics of a rough surface. 107 It was shown that for lateral and angular vibrations of the surface statistical and nonlinear effects do not seriously distort the output signal. That allows one to determine the surface vibration law with a high precision if lateral vibration amplitude a 0 Ͻl C and amplitude of angular vibration ␦␣р1°.
The scheme of the handy optical device designed is given in Figure 19 . This sensor transforms the skin vibrations caused by pulse waves into regular speckle motion that is detected. Using a thin rubber membrane attached to the skin surface allows one to avoid tissue volume scattering and provide more standardized reflecting properties. The radial pulse wave monitoring has been carried out for a healthy 24-year-old male for different values of external pressure applied to the biceps area (see Figure 20 ). It should be noted that the sensor is a good prototype for a portable computer aided pulse wave sensor assembled on the base of a laser and photodiodes with multimode fiber pigtails.
SPATIAL DOMAIN LASER TECHNIQUES FOR TISSUE TESTING
PROPAGATION OF A SPATIALLY MODULATED LASER BEAM THROUGH A RANDOM PHASE OBJECT
Laser beams, spatially modulated by a regular interference pattern, are widely used for surface profile, 112 form, 113 and displacement measurements, 113, 114 as well as for cell counting and biofluids flow diagnostics. 28, 115 These methods usually employ a small spacing of interference fringes com-parable to the sizes of object inhomogeneities. The fringe spacing in the illuminating beam considerably exceeding object inhomogeneity sizes leads to new correlation effects in the scattered field and, therefore, to new measuring speckle technologies for inspection of random phase objects. [116] [117] [118] [119] The interference fringes of average intensity with contrast varying along the longitudinal axis z are formed in the scattered speckle-modulated field. If the beam aperture size and fringe spacing are rather large, the fringes modulate the field speckle structure and fringe contrast evolution along axis z is determined by statistical parameters of the object and fringe spacing.
In experiments the fringes in the illuminating beam were provided by a spatial-temporal optical modulator; the fringes of average intensity in the scattered field were recorded by the photodetector with a slit aperture, oriented along the fringes (the slit aperture served for averaging of the scattered field speckle modulation). As a result the modulation depth of the output signal was equal to the relative fringe contrast 119
where V(z) is the average intensity contrast, V 0 is the initial contrast of laser incident beam, and ͉(z)͉ is the modulus of the transverse correlation coefficient of the complex scattered field amplitude. For experimental modeling of biological tissues and cell structures with various statistics of phase inhomogeneities, special plane phantom specklegrams were designed. 119 Figure 21 presents two types of speckle pattern. Photography of these patterns and a subsequent bleaching procedure give specklegrams with smooth (a) and oscillating (b) phase correlation coefficient K of the boundary field. The coefficient can be approximated by a function 
COHERENT OPTICAL TECHNIQUES
where ⌬x is the shift along coordinate x in specklegram plane, l is the phase correlation length of the boundary field, l 0 is the semispacing of the K oscillations, and a is the form factor. Figure 22 represents the experimental data for evolution of the average intensity fringe contrast along the longitudinal coordinate z. The phase screen phantom possesses a smooth correlation coefficient K (⌬x), as well as corresponding theoretical curves calculated using experimental statistical parameters of phantoms. The phase correlation coefficients K (⌬x) reconstructed on the base of experimental data for two types of investigated phantoms are presented in Figure 23 . These data show the possibility of estimation of statistical properties of biological phase object using a described spatially resolved technique.
PROPAGATION OF THE FOCUSED SPATIALLY MODULATED LASER BEAM
For a spatially modulated laser beam with parallel interference fringes and spacing ⌳ focusing of the beam using a diffractionally limited optical system with an aperture DϾ⌳ gives two spatially isolated light spots in the focusing area (see Figure 24 ). 118, 119 When spots coincide with the scattering object surface in the diffraction field two completely nonidentical (noncorrelated) speckle fields are formed, since two different areas of the object are illuminated. If the fringe spacing ⌳Ͻ⑀ Ќ (the mean speckle size in the observation plane) and the waist beam diameter 2w 0 Ͼl , then within separate speckles regular interference fringes are observed whose position changes in a random way when going from one speckle to another. The contrast of the fringes is dictated only by the relationship of intensities of interfering fields, and does not depend on the statistical properties of the object. If ⌳Ͼ⑀ Ќ and 2w 0 Ͼl , no fringes are observed in the scattered field [see Figure 25 (b)], but a system of interference fringes of average intensity appears when the object is moved in the transverse direction [see Figure  25 (c)]. The contrast of this pattern is defined by the statistical properties of the object. 118, 119 For focused beams the evolution of the average intensity fringe contrast V/V 0 with the distance z is defined by the difference in beam divergence and corresponding to nonscattered and scattered field components. The beam divergence fluctuation component depends on the statistical parameters of the boundary field, and l . When is not small and l is rather large, then the fluctuating component should be great and its divergence equal to the nonscattered one, Х . Therefore, fringe contrast Fig. 21 Two types of speckle patterns for designing of random plane phase phantoms with smooth (a) and oscillating (b) phase correlation coefficient K .
Fig. 22
Experimental (points) and theoretical (solid lines) plots of relative contrast on distance from the object. ͉(z)͉ϭV(z)/V 0 for the specklegrams with a smooth correlation coefficient K : 1-ϭ0.625, l ϭ6.4 m, aϭ2.45; 2-ϭ1.12, l ϭ7.8 m, aϭ2 (Gaussian shape); 3-ϭ1.3, l ϭ5.6 m, a ϭ2.5.
Fig. 23
Plots of the phase correlation coefficient K reconstructed from experimental data (1) and theoretical ones (2), calculated using experimental data, for two types of random phase phantoms.
Fig. 24
Scheme for interference fringe recording in the diffraction field for a focused spatially modulated laser beam transmitted through a random phase object.
should be small with a weak dependence on the distance z. For the small l , when Ͻ , due to the space filtering effect relative fringe contrast V/V 0 goes up with distance z. For the fixed value of l , 118, 119 
For rather large l , when Х and V 0 Ͻ1 in this expression, the proportionality changes on approximate equality. The described behavior of V/V 0 on z is well illustrated by experimental data for plane solid phantoms with different statistical properties. 118, 119 
BIOMEDICAL APPLICATIONS
The spatially resolved speckle technique allows one to determine the statistical parameters of biological phase objects, such as standard deviation and correlation length l of the boundary field. 119 Theoretical basis of this technique can be applied to the phase objects with rather smooth irregularities and Gaussian statistics. For testing of objects with non-Gaussian statistics or with sharp nonuniformities the technique can be applied as well but calibration is needed. Direct measurements and fast action of the measuring system allow one to use this technique for rapid object inspection. These advantages are very important for biological tissue and cell structure investigations, in particular, for the design of optical topography schemes. [1] [2] [3] As well as described in Sec. 2 for the spatial speckle-correlation method, this technique can be used for investigation of thin layers of human skin epidermis, or more thick scleral tissue in its optical clearing process. It has a fine outlook for transparent eye tissue investigation, such as in the cornea and lens. Besides tissue statistical parameter monitoring the developed approach should be of great use for designing the new generation of laser retinometers, allowing one to measure the retinal visual acuity for the eye with a turbid (cataractous) lens. 115 The scanning of a focused spatially modulated beam will allow a patient to see the interferential fringes in spite of eye lens turbidity, which occurs due to statistical averaging of the speckle modulated pattern.
It is important to note that designed photographic technology for producing the solid-state plane phantoms may be considered as a technology for the making of a set of special standards of scattering objects. Such scattering standards can be used for calibration of coherent-domain instruments for thin tissue layers and cell structure imaging. A pile of such plane phantoms consequently positioned in the way of a light beam will be a good model for the study of coherent light scattering of the bulk tissue. 99, 119 
CONCLUSION
This article discusses some aspects of speckle optical technologies and their applications to biomedical science. It can be concluded that the theoretical basis of such technologies is satisfactorily developed, that allows one to apply them to many types of tissue layers and cell structures showing single or low step scattering. Many advantages are expected in the field of speckle-polarization effects providing additional selectivity and sensitivity to tissue structure and material anisotropy. 84, 85, 120, 121 The speckle technique is a very promising instrument for investigation of dynamics of living objects and can be applicable in many areas of medicine like ophthalmology, dermatology, and gastroenterology. 3, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 76, [96] [97] [98] [99] [100] Actually, it is expected that the most robust instruments for monitoring blood and lymph flow, as well as for tissue motion detection, will be optical designs based on speckle technologies. Some problems of tissue imaging and topography can be overcome using speckle techniques. Moreover, the speckle phenomenon should be taken into account for many biomedical applications of laser microscopy. 3, 37, 122 But the problem is to extend speckle technologies to be applicable for thick tissues. Some aspects of solving of this problem for monitoring blood flow and tissue structure can be found in past articles. [53] [54] [55] [56] [57] 72, 84, 85, 99 The use of low coherence light sources like those used for partially coherent interferometry and tomography (see, for example, Refs. 4, 58-62, 123) seems to be a fruitful approach for tissue structure and dynamics analysis. On the other hand, it was shown recently that the speckle interferometer with sharply focused beams (large numerical aperture of focusing objectives) has a longitudinal resolution up to a few micrometers even for a light source with a high coherence length. 124, 125 
